Bladder cancer is a common and frequently lethal cancer. Natural history studies indicate two distinct clinical and molecular entities corresponding to invasive and non-muscle invasive disease. The high frequency of recurrence of noninvasive bladder cancer and poor survival rate of invasive bladder cancer emphasizes the need for novel therapeutic approaches. These mechanisms of tumor development and promotion in bladder cancer are strongly associated with several growth factor pathways including the fibroblast, epidermal, and the vascular endothelial growth factor pathways. In this review, efforts to translate the growing body of basic science research of novel treatments into clinical applications will be explored.
INTRODUCTION
Bladder cancer is common with 68,810 new cases and 14,100 deaths estimated in the United States in 2008. It is the fourth most common cancer in men and the ninth most common cancer in women (1) . For patients with metastatic disease, the systemic chemotherapy regimen of methotrexate, vinblastine, doxorubicin, and cisplatin (MVAC) has been the foundation of systemic therapy for many years. More recently, the chemotherapy combination of gemcitabine and cisplatin (GC) has gained greater acceptance and largely replaced MVAC for the treatment of advanced bladder cancer, based on a phase III study comparing the two regimens in patients with locally advanced or metastatic bladder cancer (2) . While not clearly powered as a non-inferiority trial, the 5 year overall survival was 13.0% versus 15.3% for GC and MVAC, respectively. With similar efficacy and significantly �e�ie�� Article �e�ie�� Article doi: 10.1590/S1677-55382010000300003 reduced toxicity, GC has been adopted as a standard, first-line regimen for advanced bladder cancer.
In the second or third-line setting, several traditional chemotherapy agents offer modest activity. Prior to the widespread use of GC, weekly gemcitabine was examined in patients with bladder cancer who had previously been treated with a platinum-based regimen with an overall response rate of 22.5% (3) . These promising results lead to the development of the GC combination in the first line setting (4) . Pemetrexed, a multi-targeted anti-folate agent, was more recently tested in previously treated patients with advanced bladder cancer. The objective response rate was 28% with a small number of patients experiencing a complete response; however, the median time to progression was short (less than 3 months) (5) . Anti-microtubule agents are also active in bladder cancer and have been evaluated in the first and second-line setting. Paclitaxel demonstrated clear activity in a small study of bladder cancer patients who had failed or were unfit for standard first-line therapy (6) . A current first-line regimen used in patients unable to receive cisplatin-based chemotherapy combines paclitaxel, carboplatin and gemcitabine. This tripledrug combination revealed an objective response rate of 68%, with approximately half of these as complete responses (7) . Additionally, a phase II trial evaluated a different taxane, docetaxel, in patients who had progressed despite cisplatin-based chemotherapy with an objective response rate of 13%, but a short duration of response, ranging from 3 to 8 months (8) . The activity of docetaxel in bladder cancer was also later tested in chemotherapy-naïve patients with a higher response rate of 31% (9) .
Over the last 10 years, significant advances have been made in the integration of new biologicallytargeted agents in the treatment of cancer. Approximately 20% of breast cancer patients have over-expression or amplification of HER2/neu (EGFR2). Herceptin, a monoclonal antibody which targets HER2/neu, is now commonly used in breast cancer patients with HER2/ neu expression yielding significant improvement in both the progression free (10) and overall survival (11) . The use of single agent cetuximab (Erbitux), a monoclonal antibody against the epidermal growth factor receptor (EGFR), demonstrates significant activity in patients with advanced colorectal cancer (12) . Subsequent analysis showed that patients with an activating K-ras mutation, downstream of EGFR, receive no benefit from cetuximab. This allows for the selection of an enriched K-ras wild-type treatment population, excluding those with little chance of benefit (13) . Bevacizumab (Avastin) is a monoclonal antibody that binds to the vascular endothelial growth factor (VEGF), which is over-expressed in many cancer types including lung cancer. The addition of bevacizumab to standard chemotherapy significantly improves the overall survival of patients with lung cancer, although the rates of significant bleeding are increased (14) . In renal cell carcinoma (RCC) traditional cytotoxic chemotherapy has little objective activity. A new class of agents, the small-molecule, multi-kinase inhibitors, have recently been approved for the treatment of advanced RCC. Both sunitinib and sorafenib target an array of pro-growth kinases including the vascular endothelial growth factor receptor (VEGFR) kinases.
As documented in phase III randomized trials, sunitinib and sorafenib produce significant disease stabilization and a small number of objective responses in patients with RCC (15, 16) .
There are many examples of the successful use of targeted agents in modern cancer therapeutics. Despite the prevalence of bladder cancer, the availability of several potential targets in bladder cancer and the successful inhibition of these targets in many other cancer types, no biologic agents are currently in clinical use for the treatment of bladder cancer. We will review the current state of pre-clinical evaluation of targeted agents for bladder cancer and the potential impact of these agents in the clinical management of bladder cancer.
MOLECULAR PATHWAYS IN BLADDER CANCER
Two distinct developmental pathways for bladder tumors have been characterized (17) . The first is that of a noninvasive papillary lesion without penetration of the epithelial basement membrane (Ta tumor). Aberrant expression of fibroblast growth factor receptor 3 (FGFR3), RAS and PIK3CA appear to play a critical role in the development of low grade and generally non-invasive bladder tumors (18) . Approximately 20% of tumors are muscle invasive at diagnosis and the prognosis in these cases is poor, with less than 50% survival at 5 years (17) . Tumors that penetrate the basement membrane (T1) or invade the bladder muscle (T2) are therefore much more clinically concerning and are associated with different biologic aberrancy, including common p53 mutations. These distinct pathways of tumor development with such different clinical outcomes imply that specific strategies for the management of these tumors should be developed.
Activating point mutations of the FGFR have been identified in approximately 40% of bladder tumors. In the FGFR family, FGFR3 is most prominent in normal urothelial cells, with only low levels of FGFR 1, 2 and 4 observed by real-time reverse transcriptase PCR (20) . Further, mutations of FGFR3 are common in urothelial papillomas, which are considered to be a precursor for papillary bladder cancer, suggesting that FGFR3 mutation occurs early in the process of tumor development (21) . In addition to the mutational status of FGFR3, protein overexpression of FGFR3 overexpression of FGFR3 verexpression of FGFR3 has been found commonly in bladder tumors, but not in normal bladder tissue (22) .
Although the clinical usefulness of FGFR inhibition is not yet known, several pre-clinical evaluations have examined this approach in bladder cancer. The stable expression of a small hairpin RNA (shRNA) against FGFR3 in bladder cancer cells demonstrates an inhibition of cancer cell growth, supporting the central cancer cell growth, supporting the central importance of this pathway in bladder cancer (23) . Additionally, human single chain Fv antibody fragments uman single chain Fv antibody fragments that recognize the extracellular domain of FGFR3 have been isolated and characterized (24) . This antibody inhibits ligand-binding by the wild-type receptor and has been shown to inhibit the growth of xenografts expressing FGFR3 in S249C bladder cancer cells (24) . The high frequency of FGFR mutation in superficial bladder tumors suggests the possibility of utilizing an suggests the possibility of utilizing an s the possibility of utilizing an intravesical approach targeting FGFR in such patients. In vivo studies demonstrate activity using a toxic fusion protein targeting FGFR3 in human bladder cancer cells over-expressing this receptor (25) .
EPIDERMAL GROWTH FACTOR RECEPTOR (EGFR)
Compared to the FGFR pathway, targeting the epidermal growth factor receptor (EGFR) pathway is receptor (EGFR) pathway is in a more mature phase, with the successful use of this approach in the clinical setting of several other cancer types. In addition, significant pre-clinical evaluation of this pathway has been undertaken. EGFR was first characterized in invasive and superficial bladder cancer in 1989 (26) . Abnormal expression of the urothelial Abnormal expression of the urothelial EGFR and/or altered excretion of EGF may well precede overt manifestations of transitional cell carcinoma (TCC) and thus may serve as an early marker of the invasive phenotype; the degree of EGFR overexpression in bladder tumors has been shown to correlate with tumor stage and grade (27) . Laboratory investigations have shown that stimulation of the EFGR pathway both increases proliferation and the migration of bladder cancer cells (28) . Work to identify the predictive markers for the response of bladder cancer cells to EGFR inhibition is underway, using a broad spectrum of bladder cancer cell lines (29) . Surprisingly, there is no correlation between expression of EGF, the ligand of EGFR and the activity of EGFR inhibitors in bladder cancer cells (29) . Activating mutations of EGFR, a key predictive marker for the activity of EGFR inhibitors in non-small cell lung cancer (30) , are uncommon in TCC of the bladder (31) .
Given the importance of EGFR in the biology of bladder cancer, a number of therapeutic strategies against EGFR to treat bladder cancer are being evaluated. Blockade of EGFR by monoclonal antibodies has been assessed in several malignancies including bladder cancer. Among several anti-EGFR monoclonal antibodies under clinical development, cetuximab (IMC-C225) inhibits EGFR downstream signaling, cell cycle arrest, angiogenesis and metastasis and is the most widely studied (32) . The effect of this monoclonal antibody on bladder cancer cells in an animal model has been reported (29) . Another anti-EGFR monoclonal antibody, panitumumab (ABX-EGF), has been shown to have a potent effect on several tumors such as metastatic colorectal carcinoma, although its application in bladder cancer is not known (33) .
EGFR tyrosine kinase inhibitors, such as gefitinib (ZD 1839) and erlotinib (OSI-774), have been extensively studied in bladder cancer models. Preclinical data demonstrate that gefitinib selectively inhibits proliferation and angiogenesis in human bladder cancer cells (34) . Erlotinib inhibits the activation of epidermal growth factor receptor, mitogen activated protein kinase, Akt and STAT3 (35, 36) .
HUMAN EPIDERMAL GROWTH FACTOR RECEPTOR 2 (HER2/NEU)
HER2/neu overexpression and to a lesser extent, amplification, are observed in bladder cancer, suggesting the potential utility of HER2/neu-targeted therapy in patients with advanced TCC (37) . In a Japanese study of patients with bladder tumors, immunohistochemical staining demonstrated HER2/neu expression in 42.5% (38) . More notably, according to the classification of grade, 60% of pT4 patients were HER2/neu positive (38) . Recently, a multicenter phase II study has reported that 52.3% of metastatic urothelial carcinomas are Her2/neu positive using the DAKO HercepTest Diagnostic and fluorescence in situ hybridization (FISH) (39) , consistent with the result of the Japanese group (38) . The anti-tumor effect of TAK-165, a new potent inhibitor of the HER2/neu tyrosine kinase, has been studied in bladder cancer. Using a xenograft mouse model with the human bladder cancer cell (UMUC3) TAK-165 treatment resulted in 22.9% growth inhibition compared with the control group at 14 days (40) .
It should be noted that the role of HER2/neu in the development of bladder cancer has not been clearly defined. Although HER2/neu is up-regulated in invasive bladder cancers, its overall expression in bladder cancer cells is less than in breast cancer cells (40) . Recently, a small study reports that there is a poor association between HER2/neu protein overexpression and gene amplification, in contrast to findings in breast cancer (41) . Additionally, Dinney et al. reported that the expression of HER4, but not HER2/neu or HER3, correlates with stage, grade, and survival (42) . These reports raise the possibility that our understanding of the biology of HER2/neu based on breast cancer evaluations may not be directly translated into therapeutic strategies for bladder cancer.
VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF) (VEGF)
VEGF and its receptor are critically important in the process of angiogenesis and therefore play a vital role in the tumor growth and metastasis. The VEGF pathway was first characterized in bladder cancer in 1993 (43) . While VEGF expression is observed in many patients with low or intermediate grade T1 bladder cancer, higher levels of VEGF RNA expression may be a predictor of a more aggressive form of bladder cancer with earlier cancer recurrence (44) . Recent work has shown that the protein expression of VEGF in bladder cancer tissue correlates with increased tumor stage (45) and the serum levels of VEGF are directly associated with bladder cancer stage (46) . VEGF binds to several cognate tyrosine kinase receptors: VEGFR1, VEGFR2 and VEGFR3. Of these, VEGFR2 appears to be the most attractive target since its expression correlates with the pathologic stage in urothelial carcinoma cell lines and bladder tumors (47) .
Based on these preclinical observations, several animal studies and clinical trials have been designed for this target. Neutralizing monoclonal antibody targeted at murine VEGFR2 (DC101, ImClone Systems) has been combined with paclitaxel, with its efficacy tested in an orthotopic bladder cancer xenograft model (48) . This combination demonstrated significant anti-neoplastic activity. It is likely that the ignificant anti-neoplastic activity. It is likely that the observed activity is via inhibition of angiogenesis in addition to the induction of both tumor cell and endothelial cell apoptosis. The anti-tumor activity of single-agent DC101 has been examined in an orthotopic nude mouse tumor model with human 253J-BV bladder tumors (49) . DC101 therapy resulted in a decrease in VEGFR-2 phosphorylation and an increase in endothelial cell and tumor cell apoptosis (49), but did not completely inhibit tumor angiogenesis when used as a single-agent (49) . A VEGF-A splice variant protein conjugated with gelonin has also been utilized to target the VEGF pathway (50) . Gelonin is a plant toxin with high cytotoxicity at very low doses (nM range). The VEGF-A splice variant protein serves as a targeting component to specifically guide and internalize the conjugate into the cancer cells with high VEGF expression. This fusion protein suppresses tumor growth in an orthotopic bladder cancer xenograft model (50) , and has been validated in prostate and breast cancer with the goal of preventing cancer metastasis (51, 52) .
ANGIOGENESIS AND ITS INHIBITORS
Angiogenesis is a rate-limiting step in tumor growth and the inhibition of new blood vessel development may play a critical role in controlling tumor invasion and metastasis. The management of bladder cancer with anti-angiogenesis strategies is still in the early phase of implementation. In addition to the VEGF pathway, other targets in the vascular compartment may be considered including the endothelin (ET)-axis and the angiopoietin-Tie pathway. The endothelin family (ET-1, ET-2, and ET-3) is a group of potent vasoconstricting peptides (53) . ET-1 has been studied most extensively and has been shown to modulate endothelial cell proliferation, migration, invasion, and microtubule formation. More interestingly, ET-1 increases VEGF mRNA expression and VEGF protein levels, indicating probable cross-talk between the endothelin-axis and VEGF signaling (54) . Compared with normal urothelium, increased expression of ET-1 and the associated endothelin-A-and endothelin-B-receptors has been found in the vast majority of invasive bladder cancer specimens (55) . Overexpression of the endothelin-B-receptor appears to be associated with a better clinical prognosis than with the over-expression of the endothelin-Areceptor (56) . Furthermore, overexpression of ET-1 is associated with up-regulation of the micro-vessel density which may impact the clinical aggressiveness of the tumor. These data suggest that the ET -axis may represent a novel therapeutic target in bladder cancer that is largely unexplored. Interestingly, the phase II clinical testing of single-agent bosentan, a dual ET-receptor antagonist, to treat stage IV melanoma patients has been reported, with stable disease noted in some patients (57) . The use of atrasentan, an inhibitor of the endothelin-A-receptor, did not meet its primary endpoint of delayed time to progression in a large phase III study, but did slow the rate of prostate specific antigen rise in blood (58), additional phase III testing with atrasentan in prostate cancer is underway.
Tie2, another angiogenic pathway, has received less attention since it was only recently fully described and characterized. Tie2 is the tyrosine kinase receptor of angiopoietin-1(Ang-1) and angiopoietin-2 (Ang-2) (59, 60) . This pathway has an active angiogenic phase in which blood vessel differentiation by migration/sprouting is promoted; there is also a separate anti-apoptotic effect that is seen with Tie2 signaling. Interestingly, although upregulation of Ang-1 and Ang-2 has consistently been demonstrated in many cancer types, their direct role in tumor development is controversial (61) . Recently, serum levels of Ang-1, Ang-2 and Tie-2 have been examined in bladder cancer (62) . High serum levels of Tie2 are correlated with shorter metastasis-free survival in both univariate and in multivariate analysis, suggesting that Tie2 expression may be an independent risk factor for metastasis.
CLINICAL USE OF TARGETED AGENTS IN UROTHELIAL CANCER
Accrual to bladder cancer trials has been poor in recent years, especially in the front-line setting (63) . Accordingly, there have been a limited number of clinical trials using biologic targeted receptor kinases in bladder cancer, with many of these clinical studies only reported in abstract form. The clinical pursuit of specific agents for use in bladder cancer is based largely on the experience gained from their use for other tumor types such as lung and breast cancer.
Trastuzumab is commonly used in the treatment of breast cancer and has received significant attention as a therapeutic agent for bladder cancer in light of the HER2/neu expression seen in malignant bladder tissue. As a single agent, trastuzumab does not have clear activity against urothelial cancer. In 7 patients with transitional cell carcinoma of the bladder and HER2/neu protein over-expression, weekly trastuzumab did not yield any objective responses, although 1 patient did achieve stable disease (64) . Another study examined trastuzumab in 6 patients with metastatic transitional cell carcinoma and HER2/neu overexpression by immunohistochemistry (IHC) (65) . Trastuzumab was given with standard carboplatin and paclitaxel chemotherapy in 4 of the patients, with paclitaxel in 1 patient and as a single-agent in 1 patient; 2 of the participants were chemotherapy naïve. Partial responses were seen in all 6 treated patients with initial tumor regressions of 30-80%.
The largest published study to date on the use of trastuzumab in bladder cancer was led by the Southwest Oncology Group (39) . Of 109 screened advanced urothelial cancer patients, 52% had HER2/ neu overexpression by any method, with the majority of these as protein over-expression (49% IHC, 14% FISH, 12% serum assessment). Forty-four of these chemotherapy-naïve patients were treated with trastuzumab, carboplatin, paclitaxel and gemcitabine. The primary endpoint of this study was the assessment of cardiac toxicity from this regimen, which was seen in 23% (grade 1-3) . Secondarily, the objective response rate was 57% with five complete responses. The median time to progression was 9.3 months and the median survival was 14.1 months.
While it is difficult to make firm conclusions from these non-randomized and small studies, significant trastuzumab activity in bladder cancer has not been demonstrated to date. As we discussed earlier, while HER2/neu protein over-expression is commonly seen in bladder cancer, gene amplification is much less common (39, 66) , although some investigators find a better correlation with IHC status of HER2/neu and gene amplification (67) . While protein over-expression of HER2/neu is a predictive marker for trastuzumab responses in breast cancer, this may not necessarily be true for bladder cancer. As with many biologic agents, the identification of predictive markers (e.g. K-ras status with cetuximab) (13) are critical to the successful testing and use of targeted agents.
Lapatinib is an orally available inhibitor of EGFR and HER2/neu, and is currently in clinical use for the treatment of breast cancer. Fifty-nine patients with locally advanced or metastatic transitional cell carcinoma with progression despite a platinum-containing front-line regimen were treated with lapatinib (68). Independent radiological review revealed 1 partial response and 18 patients with stable disease. The median time to progression was short (8.6 weeks). Additional biomarker predictors of response are being investigated.
Inhibition of the VEGFR pathway has been preliminarily examined in bladder cancer patients. A single-case report describes a man with metastatic transitional cell carcinoma and squamous differentiation treated with bevacizumab. At 24 months, the patient was reported to have minimal toxicity and a sustained response, suggesting anecdotal activity (69) . Sorafenib is a multi-kinase inhibitor with prominent VEGFR inhibition. Treatment with sorafenib has been evaluated in one study of 14 patients with untreated advanced urothelial cancer (70) . There were no objective responses, although 4 patients experienced stable disease; the median time to progression was 1.8 months. A second larger study examined the use of sorafenib in 27 patients with urothelial cancer with progression after front-line therapy (71) . There were no objective responses noted with a median progression-free survival of 2.2 months. A related small molecule inhibitor, sunitinib, was examined as a first-line treatment in bladder cancer in those deemed unable to receive standard cisplatin-based chemotherapy. Two of 16 treated patients had a partial response and 8 participants had at least 6 months of stable disease (72) . A second study of sunitinib examined patients with carcinoma of the urothelium who had progressed after 1-4 previous chemotherapy (73) . In this significantly pre-treated population, 3 of 45 patients had a partial response and 11 had stable disease. While preliminary, these results suggest modest activity of sunitinib as a single-agent in bladder cancer.
In other cancer types studied, targeted therapeutic agents are generally most effective when combined with cytotoxic chemotherapy. While this is a rationale approach to explore in bladder cancer, there are very limited published data describing the combination treatments in this setting. Gefitinib, an oral EGFR inhibitor, has been evaluated with cisplatin and gemcitabine in 55 patients with advanced urothelial cancer (74) . An objective response was observed in 51% with a median overall survival of 14 months. While these efficacy data are similar to standard gemcitabine and cisplatin, it is not clear that gefitinib is the most suitable biologic agent to integrate with cytotoxic chemotherapy, given the large negative studies using this approach in lung cancer (75, 76) .
PERSPECTIVES
The current treatment of advanced bladder cancer relies heavily on traditional cytotoxic agents, despite the tumor expression of many targets of emerging biologic agents currently available. Preclinical evaluation reveals several new agents with encouraging in vivo data, targeting FGFR, the VEGF-pathway, ET-axis, HER2/neu and EGFR. The translation of these laboratory findings into the clinical treatment of patients with urothelial cancer has been slow, with little published information currently available. It is important to note that the accessibility of the bladder offers unique opportunities to deliver novel therapies directly to the site of the tumor, but dramatically improved accrual to bladder cancer trials will be needed to rapidly test and select the next generation of treatment for those with bladder cancer.
